The electrochemical reversibility of Mg in hybrid electrolytes based on mixtures of ionic liquid and glyme based organic solvents was investigated for applications in rechargeable magnesium batteries (RMBs). The electrolytes demonstrate reversible reduction and oxidation of Mg only after being pre-treated with the dehydrating agent, magnesium borohydride, Mg [BH 4 C for this electrolyte suggesting that the presence of the ionic liquid increases thermal stability substantially making these hybrid electrolytes compatible for RMBs.
Introduction
Among battery devices, Li-ion batteries have been given special attention since they can deliver a large amount of energy in a small volume, as required in smartphones, laptops and other portable devices [1] . Rechargeable magnesium batteries (RMBs) are promising alternative candidates, since Mg is cheap, safe and also has high volumetric energy capacity (3833 mA h cm À3 ) [2] . A major obstacle to the development of RMBs is finding suitable electrolytes that are compatible with the Mg metal anode and enable high coulombic efficiency and long cycle life. Ethereal based solvents have been widely explored as Mg electrolytes since ether oxygens can coordinate to Mg 2þ ions in the presence of various Mg salts to support reversible Mg electrochemistry [3] [4] [5] [6] [7] [8] [9] . Examples include Mg organohaloaluminate electrolytes [3] , Mg-Al chloro-complex (MACC) electrolytes [9] , Mg[BH 4 ] 2 electrolytes [8] and Mg carborane electrolytes [10] dissolved in ethers, such as tetrahydrofuran (THF), or dimethoxyethane (DME). However, some of these electrolytes either contain very toxic components or are corrosive, have low anodic stability due to the presence of [BH 4 ] À (E 0 ¼ 1.7 V vs. Mg) [8] , or can be costly to synthesise, making them not practical for high voltage batteries.
Ionic liquids (ILs) generally show negligible vapour pressure and flammability, endowing them with high thermal stability [11] . While many ILs can be expensive, their role as co-solvents in an organic medium can reduce the cost, increase the thermal stability, extend the electrochemical operating window and improve the conductivity of the electrolyte [12] . By further changing the functional groups of the cations or anions, ILs can be endowed with specific physical and electrochemical properties [13] . In recent studies [14, 15] [15] , while Watkins and co-authors synthesised PEGylated pyrrolidinium based ILs to achieve reversible Mg electrochemistry with an efficiency~90% [14] . In both these studies, ether oxygen coordination to Mg 2þ ions was found to play a key role in the reversibility of Mg. However, in both cases, limited by the oxidative potential of Mg [BH 4 ] 2 , these electrolytes offer only limited voltage range for a device.
In comparison, the bis(trifluoromethanesulfonyl)imide anion ([TFSI] À ), with its strong charge delocalization, is stable at more anodic potentials than Mg[BH 4 ] 2 [16] and can in some cases, also be used in electrolytes with high Mg 2þ concentration, thus having the potential to increase the charging capacity in RMBs [17] [18, 21] , were speculated to account for the high over-potential of Mg reduction, which promotes the decomposition of the electrolyte, leading to a passivating layer formed on the Mg electrode. In contrast, when Mg[TFSI] 2 salts were dissolved in a mixture of an IL and a "glyme" solvent such as tetraglyme, reversible Mg electrochemistry was seen [22] [23] [24] . Since ether oxygens of the glyme can dominate in the coordination with the Mg 2þ ions, the ion-pairing interactions between Mg 2þ ions and the [TFSI] À ions are weakened. These effects can contribute to improve the accessibility of Mg 2þ ions and allow them to participate in Mg reduction at a relatively low over-potential [22] . Nevertheless, the electrochemical performance of the abovementioned IL/glyme-based Mg[TFSI] 2 electrolytes still suffers from poor cycling efficiency, i.e. < 30% over 10 cycles [23] .
It is anticipated that impurities such as water can inhibit efficient cycling of Mg. [16] . We showed that difficult to remove trace amounts of water in the electrolyte could successfully be removed by addition of sufficient Mg [BH 4 ] 2 to react with the amount of water and that reversible cycling of Mg could then be achieved.
In an effort to move away from pure organic solvents such as tetraglyme, the goal of this work is to initially investigate the electrochemical properties of Mg from Mg[TFSI] 2 [TFSI], a more conventional IL that is widely explored as a battery solvent [33] [34] [35] [36] [37] . In an effort to further improve the electrochemical performance, the mixing of these ILs with coordinating, ether-based organic solvents, to form hybrid electrolytes was also studied.
Experimental information

Preparation of chemicals
Tetraglyme (Sigma-Aldrich, ! 99%) and dimethyl polyethylene glycol (DMPEG-250, Sigma-Aldrich, ! 99%) were vacuum distilled (~0.8 mbar at 140-165 C) over sodium (Sigma-Aldrich) with benzophenone (Sigma-Aldrich) as indicator, and additionally dried with 3 Å molecular sieves (Sigma-Aldrich) for 72 h to obtain a water content < 10 ppm (measured by Karl Fisher titration). Tri-alkoxy ammonium bis(trifluoromethanesulfonyl)imide ([N2(20201) 3 ][TFSI]) was synthesised by the method according to the literature [15] and was dried on a Schlenk line at 35 C for 48 h before transferring into an Ar glovebox (IL water content~20 ppm according to Karl Fischer titration). N-methyl-n-butyl pyrrolidinium bis (-trifluoromethanesulfonyl 4 ] 2 step by step, and the optimum amount was determined from the cyclic efficiency evaluated from cyclic voltammetry (as shown in Supplementary Information).
Electrochemical measurements
All the electrochemical experiments were conducted on a VMP Potentiostat with Bio-lab software with a 3-electrode system. A Pt disk electrode (1 mm diameter) was used as the working electrode, and Mg ribbon, scraped until shiny, was used as the counter and reference electrodes. The cyclic voltammetry (CV) was carried out at a scan rate of 25 mV s À1 . A galvanostatic electrodeposition study was carried at a current of 1.5 mA cm À2 for 24 h in the electrolytes by using a glassy carbon working electrode (with a removable head), Pt wire counter electrode and Mg ribbon reference electrode. The deposit product was washed with dimethoxyethane (SigmaAldrich, ! 99%, H 2 O < 10 ppm) in the glovebox before conducting SEM and XRD characterization under dried conditions.
Characterization
Thermogravimetric analysis (TGA) (Mettler Toledo, Australia) was conducted over a temperature range of C in a Nitrogen gas atmosphere at a heating rate of 5 4 ] 2 was hypothesised not to greatly change the thermal stability because it was only used for dehydration, and the optimized additions were small (0.6 wt% maximum).
Density measurements were performed using an Anton Paar DMA 5000 density meter for all samples, from 25 C to 90 C. The viscosity was measured using an Anton Paar AMVn for all samples from 25 C to 90 C. The ionic conductivity of the samples was evaluated using AC impedance spectroscopy in a frequency range of 0.1 Hz to 10 MHz using a dip cell. The measurements were performed with a frequency response analyzer, Solartron 1296, driven by Solartron impedance measurement software version 3.2.0. The temperature range was C for all the samples. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were conducted using a field emission scanning electron microscope (Magellan 400 FEGSEM instrument). X-ray diffraction patterns (XRD) were obtained on a Bruker D8 ADVANCE ECO powder Xray instrument using Cu Ka radiation (l ¼ 0.15418 nm) in the 2q range from 25 to 60 with a scanning step size of 0.01 .
Results and discussion
In our previous study we demonstrated that [15] . However, as shown in Fig. 1a, the (Fig. 1b, red curve) . Thus, the presence of tetraglyme in these electrolytes appears to be crucial in achieving reversible Mg cycling. It is worth noting that no Mg reduction and oxidation was observed when tetraglyme was replaced with propylene carbonate (Fig. S1) , indicating that the role of tetraglyme is beyond that of a simple 'diluent'. These results suggest that a coordinating co-solvent such as tetraglyme is needed, in order to disrupt the Mg-TFSI interaction, which is otherwise sufficiently strong to limit the activity of the Mg ion. Fig. 1b (Fig. S2) .
Since the concentration of dissolved Mg 2þ ions in the electrolyte plays an essential role in the electrochemical behaviour of Mg 2þ [38] (Fig. S5) . However, as shown in Fig. 3 and Fig. S4 Kar et al. [39] in their work on electrochemical cycling of zinc in ether based ionic liquids. Although the boiling point of tetraglyme is relatively high, its thermal stability is not ideal for safe and stable batteries. The addition of ionic liquid to tetraglyme is expected to increase the thermal stability of the electrolyte, but at the cost of some reduction in the conductivity of the Mg 2þ ions. Thus an optimum ratio of IL to solvent will achieve a balance between the two properties [40] . Thermal, transport and electrochemical properties are compared in Fig. 4 as a Fig. 4b . Generally, an increase in viscosity corresponds to a decrease in conductivity and may be caused by enhanced ion-ion interactions in ILs [41, 42] . Interestingly, the conductivity values of some of the electrolytes in Fig. 4b do not correlate to their viscosity observed in Fig. 4a 1) . A decrease in conductivity in the presence of tetraglyme may be a result of some chelation by the ether oxygens to Mg 2þ ions, reducing the mobility of the metal ions. In other cases, the addition of certain molecular solvents to ILs may induce ion aggregation, reducing the number of charge carriers present, thereby reducing the ionicity [43] . Further investigation of this by spectroscopic methods including Raman and NMR will enable us to determine the coordination and diffusivity of Mg 2þ ions and will be the focus of a future work. C to 278 C corresponding to the evaporation of uncoordinated tetraglyme, and (2) À oxidation was observed throughout the whole process.
As illustrated in Fig. 6a [45]. The EDS spectrum confirms the high purity of the Mg deposit. Upon closer observation of the morphology in Fig. 6b and c, we see a well-aligned growth of the Mg deposit, which is in good agreement with the XRD result shown in Fig. 6d . The XRD spectrum in Fig. 6d also depicts the existence of a pure Mg deposit. Compared to the standard hexagonal Mg (JCPDS 04-0770) as referred in the figure, the Mg deposit shows a well grown plane of (100) at 32.3 , and another two peaks at 36.7 and 57.6 assigned to (101) and (110), respectively. This dominant (100) plane of the Mg deposit is in good accordance with the results obtained in previous work where it was deduced that the presence of [C4mpyr] [TFSI] assisted the growth of the substrate-parallel (100) plane [23] . However, in contrast to that work, the morphology of the Mg deposit in this study is more uniform, which can be ascribed to the removal of H 2 O and thereby avoiding significant MgO/Mg [OH] 2 formation [46] . In the literature computational studies have also indicated different energy barriers for atom stacking in different crystallographic orientations [45, 47] .
Conclusions
In [TFSI]/tetraglyme at a mole ratio of 1:2 showed high thermal stability, ionic conductivity and enhanced electrochemical performance. With an anodic stability > 3.0 V vs. Mg, these electrolytes have potential to be used with high voltage cathodes. By lowering the H 2 O content and thereby avoiding MgO formation on the Mg electrodeposit, a highly uniform and aligned deposit is obtained.
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